Abstract | The proper restraint of the destructive potential of the immune system is essential for maintaining health. Regulatory T (T reg ) cells ensure immune homeostasis through their defining ability to suppress the activation and function of other leukocytes. The expression of the transcription factor forkhead box protein P3 (FOXP3) is a well-recognized characteristic of T reg cells, and FOXP3 is centrally involved in the establishment and maintenance of the T reg cell phenotype. In this Review, we summarize how the expression and activity of FOXP3 are regulated across multiple layers by diverse factors. The therapeutic implications of these topics for cancer and autoimmunity are also discussed.
The transcription factor forkhead box protein P3 (FOXP3) belongs to the forkhead-winged-helix family of transcription factors. Its role as a broad regulator of gene expression is central to the identity and function of the most widely recognized and well-studied subset of immunoregulatory T cells: namely, the CD4 + regulatory T (T reg ) cells. These T reg cells are defined by the constitutive expression of FOXP3, although FOXP3 expression can also be transiently induced in non-T reg cells upon activation 1, 2 . Another defining characteristic of T reg cells is their ability to suppress the activation and function of other leukocytes. This ability is central to their role in maintaining immune homeostasis. T reg cells are also marked by their constitutively high expression of CD25 (also known as IL-2Rα, which is the high-affinity chain of the interleukin-2 (IL-2) receptor); this enables them to scavenge IL-2 from other cellular sourcesa crucial trait, as T reg cells do not produce their own supply of this survival-promoting and expansion-promoting cytokine 3 . Considerable heterogeneity exists among FOXP3 + T reg cells, and subsets arise in distinct tissues and display unique functional capabilities
. In general, FOXP3 + T reg cells exert suppressive functions through a number of well-established mechanisms (as reviewed in REF. 4 ). For example, they secrete anti-inflammatory cytokines, express co-inhibitory molecules (such as cytotoxic T lymphocyte antigen 4 (CTLA4) and lymphocyte activation gene 3 protein (LAG3)) and can modulate the activity of antigen-presenting cells (APCs). T reg cells can also deplete crucial growth factors from the microenvironment, thus sequestering these from effector cells and potentially 'starving' them into anergy or apop tosis 5 . They are also known to take up and consume scarce amino acids, and through expression of the ectoenzymes CD39 and CD73 they drive the accumulation of adenosine nucleosides, which disrupt effector cell metabolism, leading to anergy 6 . In addition, T reg cells are reportedly equipped with cytotoxic potential, and they may suppress effector cells by simply killing them 7 . The execution of these suppressive functions requires the proper regulation of genes within T reg cells, and FOXP3 expression is crucial in the establishment and maintenance of the T reg cell gene expression landscape. T reg cell subsets are also capable of mediating several extra-immune functions, including angio genesis (mediated by vascular endothelial growth factor A expression), tissue repair and metabolic regulation at both the organismal level and the T cell level (BOX 2) .
The consequences of FOXP3 mutation in mice and humans clearly demonstrate the importance of this transcription factor in immune homeostasis. Scurfy micewhich carry a nonsense mutation in Foxp3 that results from a 2 bp insertion in the gene -express a truncated gene product. The T reg cells in these mice lack suppressive function, and are unable to restrain hyper activated T cells and their production of pro-inflammatory cytokines 8, 9 . In humans, mutation of the FOXP3 gene leads to the typically fatal immunodysregulation polyendocrinopathy enteropathy X-linked (IPEX) syndrome. Patients with this genetic disorder develop a number of immunopathologies within the first few months of life, including dermatitis, enteropathy, diabetes, thyroid disorders (owing to endocrine gland dysfunction) and anaemia 8, 10 . As these phenotypes are well documented, it is not surprising that FOXP3 has for some time been regarded as key for the suppressive function of T reg cells. Accordingly, many investigative efforts have focused on elucidating the factors and pathways that are responsible 1 for influencing the expression and function of FOXP3 in T reg cells. Although FOXP3 expression has been reported in other cell types (BOX 3) , the relevance of this for immune homeostasis is less clear. In this Review, we discuss the diverse mechanisms that are responsible for controlling the induction and maintenance of FOXP3 expression in CD4 + T reg cells. We also present a number of recent breakthroughs that have added to our understanding of how the expression levels and activities of this crucial transcription factor are influenced. Lastly, the potential therapeutic implications of FOXP3-modulating pathways are discussed.
Gene regulation by FOXP3
Target genes that are regulated by FOXP3. FOXP3 is capable of binding to more than 2,800 genomic sites, which corresponds to approximately 700-1,400 genes in developing and established T reg cells [11] [12] [13] . By regulating these target loci, FOXP3 functionally cooperates with, or possibly reinforces, the gene expression patterns that arise from epigenetic programming initiated by T cell receptor (TCR) stimulation during T reg cell development 14 . Despite the importance of FOXP3 for T reg cell-mediated immunosuppression, the precise mechanisms involved are only now becoming clear.
Interestingly, the number of genes bound by FOXP3 constitutes only a small proportion (approximately 6-10%) of those known to be under its control 11 . Thus, it is thought that FOXP3 can positively or negatively control the transcriptional activity of many target genes indirectly by interacting with a number of cofactors. FOXP3 and its binding partners form a large protein complex that is 400-800 kDa in size (or perhaps even larger) involving more than 360 different factors, some of which are other transcription factors or chromatinmodifying factors 15, 16 . The transcription factors nuclear factor of activated T cells (NFAT) and Runt-related transcription factor 1 (RUNX1; also known as AML1) bind to the promoter regions of FOXP3-regulated genes. The interaction between these factors and FOXP3 has been documented, and disrupting these interactions results in reduced T reg cell function 17, 18 . In addition, interferon (IFN) regulatory factor 4 (IRF4) has been shown to be another molecule that has an important collaboration with FOXP3. IRF4 interacts with FOXP3 and endows it with the ability to selectively regulate a proportion (approximately 20%) of the T reg cell gene expression signature. These genes evidently encode factors that are crucial for the control of T helper 2 (T H 2) cell responses, as mice with IRF4-deficient T reg cells are selectively defective in their ability to suppress the production of the T H 2-type cytokines IL-4 and IL-5 (REF. 19 ). In addition, increased interaction between IRF4 and FOXP3 is linked to superior suppression of T H 17 cell-mediated inflammation in a mouse arthritis model 20 . FOXP3 is also known to promote the expression of T reg cell-specific genes by outcompeting FOS-JUN complexes for binding to NFAT 17 . Additionally, FOXP3 also interacts with the transcription factors GATA3, REL and RORγt 15, 21, 22 , and most likely interacts with other transcription factors as well.
Epigenetic regulation and recruitment of cofactors by FOXP3. The selective activation or repression of genes by FOXP3 is dependent on its ability to facilitate epi genetic remodelling at its target loci. For example, the association of FOXP3 with the genes that encode IL-2 and IFNγ results in the deacetylation of histone H3, which is a modification that silences gene expression. By contrast, FOXP3 promotes the expression of gluco corticoidinduced tumour necrosis factor (TNF) receptor-related protein (GITR; also known as TNFRSF18), CD25 and CTLA4 by inducing histone acetylation near their gene promoters 23 . Central to this role as an epigenetic shaper of the T reg cell genetic landscape is the now widely recognized ability of FOXP3 to associate with molecules that mediate epigenetic modifications. These interaction partners alter the methylation state of target loci with consequences for transcription factor binding. They also execute histone modifications. Such is the case with the FOXP3-associating histone acetyltransferases 60 kDa Tat-interactive protein (TIP60; also known as KAT5) and p300, and histone deacetylase 7 (HDAC7) 24, 25 . The Ikaros family member EOS is another example of a cofactor that is important for the recruitment of epigenetic modifiers to FOXP3-regulated loci. This cofactor is highly expressed by T reg cells and is essential for the repression of genes such as Il2 by FOXP3 (REF. 26 ). EOS recruits carboxy-terminal binding protein 1 (CTBP1) and factors such as histone-lysine N-methyltransferase EHMT2 (also known as EuHMT2) to the Il2 locus 26 . This prevents histone trimethylation (of histone H3K4) and acetylation (of histones H3 and H4), while promoting the methylation of histone H3K9 and the methy lation of CpG dinucleotides at the Il2 promoter 26 . Through its role in the formation of this repressor complex, EOS can facilitate the epigenetic silencing of target genes by FOXP3 (REF. 26 ).
Box 1 | Types of forkhead box protein P3-expressing regulatory T cells
Most circulating regulatory T (T reg ) cells arise in the thymus from self-reactive precursors. The expression of forkhead box protein P3 (FOXP3) is induced during the generation of these so-called thymus-derived T reg cells (or tT reg cells, formerly known as 'natural T reg cells') in response to T cell receptor (TCR) engagement 33 . In addition, during tT reg cell development an extensive pattern of epigenetically modified loci (including those within the FOXP3 gene) emerges that predicts stable transcriptional commitment to a T reg cell phenotype 14 . tT reg cells are thought to mainly be responsible for preventing autoimmune diseases 49 . By contrast, extrathymic T reg cells, known as peripherally derived T reg (pT reg ) cells, arise from naive FOXP3 -
CD4
+ T cells that are exposed to factors such as transforming growth factor-β and interleukin-2 in peripheral tissues. These pT reg cells accumulate mostly at barrier sites (such as the gut) where they maintain immune homeostasis. In vitro-induced T reg (iT reg ) cells can express considerable levels of FOXP3 but typically lack much of the epigenetic programming of their tT reg cell counterparts, making their commitment to continuous FOXP3 expression and their suppressive phenotype less stable 64 .
It is now becoming apparent that in addition to the above populations of FOXP3 + T reg cells, additional subpopulations can be defined. For example, activated (or 'effector') T reg cells display a gene expression profile that is unique from that of 'resting' (or 'central') T reg cells 31 . In addition, FOXP3
+ T reg cells residing in certain peripheral tissues have been shown to display unique functions and gene products relative to their lymphoid tissue-dwelling counterparts 111, 112 . Populations of human T reg cells with different levels of CD25 expression and varying capacities for suppression and FOXP3 expression have also been reported 58 .
A group of FOXP3 cofactors (EOS, IRF4, SATB1, lymphoid enhancer-binding factor 1 (LEF1) and GATA1) help FOXP3 to enforce the T reg cell gene expression signature. These cofactors seem to have redundant roles in facilitating the regulatory action of FOXP3, as the absence of one cofactor can be offset by the activity of another 27 . Such functional overlap could make the capacity of FOXP3 to regulate gene expression in T reg cells quite resilient. However, precisely how redundant this network is in established T reg cells remains to be determined. It is also possible that certain co-regulators may be necessary for particular T reg cell functions in specific circumstances.
The consequences of altered interaction between FOXP3 and its co-regulators are nicely demonstrated in reporter mice that express an amino-terminal enhanced green fluorescent protein (GFP)-FOXP3 fusion protein (Foxp3 tm2Ayr mice). As the N-terminal domain is crucial for the interaction of FOXP3 with many cofactors, the presence of the GFP tag disrupts the interaction between FOXP3 and several of its many co-regulators, including TIP60, p300 and EOS 20, 26, 28 . Although Foxp3 tm2Ayr mice do not experience overt autoimmunity, their T reg cells show pathologyspecific alterations in function. For example, non-obese diabetic (NOD) mice on this background develop diabetes faster than do wild-type NOD mice, as their T reg cells express FOXP3 molecules that have reduced functionality 28 . Interestingly, however, T reg cells expressing this GFP-FOXP3 fusion protein are more potent suppressors of antibody-mediated arthritis due to a preferential interaction between the fusion protein and IRF4 (REF. 20 ). These findings not only demonstrate how certain cofactors can be crucial for T reg cellmediated immune control, but they also suggest that T reg cells may be optimized to suppress specific types 
Naive CD4
+ T cells meet the modest metabolic demands of their largely quiescent lifestyle through the oxidation of pyruvate and fatty acids via the tricarboxylic acid (TCA) cycle. T cell activation, however, imposes considerable energetic and biosynthetic demands that are met through T cell receptor (TCR)-triggered and co-stimulatory molecule-triggered metabolic reprogramming events 113 . The activation of phosphoinositide 3-kinase (PI3K), AKT and mechanistic target of rapamycin (mTOR) complex 1 (mTORC1) leads to the upregulation of genes that encode proteins crucial for the uptake and breakdown of glucose and other molecules (for example, amino acids). This enables the production of the energy and biosynthetic raw materials that are needed to accommodate effector T cell function and proliferation. Studies of T cell differentiation clearly show that T helper (T H ) cell lineage commitment can be affected by metabolic variables. In general, effector T cell lineages (such as the T H 1 and T H 17 cell lineages) require the robust induction of glycolysis; by contrast, an in vitro-induced regulatory T (iT reg ) cell fate is favoured when oxidative phosphorylation (OXPHOS) and fatty acid oxidation pathways are preferentially engaged 114 .
Inhibiting glycolysis directs differentiating CD4
+ T cells towards an anergic fate and can result in the upregulation of forkhead box protein P3 (FOXP3) 115 . Chemically or genetic ablating mTOR, as well as knocking out other key facilitators of glycolysis-dominated metabolism, similarly favours the generation of iT reg cells over the generation of effector cell lineages 102, 115, 116 . Similarly, forced activation of the lipid-metabolism regulator AMP-activated protein kinase during in vitro T cell differentiation drives FOXP3 upregulation and iT reg cell differentiation, and can increase in vivo T reg cell numbers in a mouse model of asthma 114 . By contrast, preventing fatty acid oxidation by using the carnitine palmitoyltransferase 1A inhibitor etomoxir reduces iT reg cell differentiation 114 . Thus, the induction of FOXP3 expression by iT reg cells is highly sensitive to metabolic factors.
Established T reg cells similarly display a reliance on mitochondrial oxidative metabolism for their suppressive function 117 . Mutations that lead to the inappropriate dominance of a glycolytic, effector T cell-like metabolism destabilize the phenotype of T reg cells 118 and induce loss of FOXP3 expression under certain conditions and an inability to suppress spontaneous inflammation. Nevertheless, T reg cells probably still require some activity of glycolysis-favouring pathways for optimal fitness and expansion in vivo 119 , as well as for other aspects of T reg cell biology. In human T reg cells, which can express multiple splice variants of FOXP3, glycolysis seems to have an important role in directing the splicing of FOXP3 transcripts. Recently, De Rosa et al. 120 showed that inhibiting glycolysis during human iT reg cell differentiation results in higher levels of bulk FOXP3 protein, but FOXP3 transcript splicing was altered in such a manner that isoforms derived from transcripts containing the crucial exon 2 were lacking in the resulting T reg cells. These findings suggest that metabolic factors affect T reg cells through means other than T cell lineage fate decisions.
Recently, the importance of FOXP3 as a regulator of metabolism in T reg cells was also revealed. Gerriets et al. 121 found that triggering Toll-like receptor (TLR) pathways (particularly those induced by TLR1 and TLR2) activated signalling through the PI3K-AKT-mTORC1 axis in T reg cells, and this signalling induced the expression of the glucose transporter GLUT1, supporting glycolysis. Although this promoted an increase in the number of T reg cells, it impaired their suppressor function. By contrast, forced expression of FOXP3 in non-T reg CD4 + T cells suppressed PI3K-AKT-mTORC1 signalling and reduced the expression of glycolysis-associated genes while increasing the expression of those involved in oxidative metabolism. Interestingly, thymus-derived T reg (tT reg ) cells and iT reg cells expressing constitutively active AKT or GLUT1 were found to be more plentiful and more likely to express activation markers, but were unstable in terms of their FOXP3 expression and less suppressive than were wild-type control cells 121 , thus being reminiscent of T reg cells from mice that are unable to restrain PI3K and mTOR activity 122, 123 . Although it is not completely clear how FOXP3 regulates the metabolic preferences of T reg cells, Gerriets et al. 121 noted that FOXP3 did localize to the genes that encode a PI3K subunit and the pyruvate dehydrogenase kinase PDK3 with apparent repressive results 121 . Thus, FOXP3 expression in T reg cells seems to be both in control of, and under the influence of, metabolic inputs.
of inflammation depending on the constituents of the FOXP3-containing functional complex.
Another FOXP3 interaction partner and chromatin modifier is the histone methyltransferase enhancer of zeste homologue 2 (EZH2), which is a component of Polycomb repressive complex 2 (REF. 31 ). EZH2 can be upregulated in T reg cells in response to CD28 signalling 31 .
FOXP3 and EZH2 preferentially form complexes in activated T reg cells, and these complexes stabilize T reg cell gene expression under conditions of inflammation and during activation 31 . Activated T reg cells that lack EZH2 display unstable levels of FOXP3 expression and derepression of many genes 32 . In all, these results likely reflect the possibly distinct stage and function-specific . In addition, the expression of FOXP3-encoding transcripts and FOXP3 protein can be seen transiently early on in the bifurcating pathways of T helper 17 (T H 17) cell and in vitro-induced T reg (iT reg ) cell differentiation 73, 102 . Whether or not FOXP3 has a role in recently activated T cells (moderating the extent of activation, for example) remains speculative. Regardless, it is likely that the extent and/or duration of FOXP3 expression in non-T reg cells is limited by less-than-permissive epigenetic states in the FOXP3 locus (for example, methylated conserved non-coding sequence 2) and by mechanisms that regulate both the nuclear exclusion and nuclear removal of the FOXP3 protein.
CD8
+ T reg cells A number of CD8 + T cell populations with suppressive functions have been identified 124 . Although some are capable of attenuating both autoimmunity and antiviral responses without apparent FOXP3 expression 125 , FOXP3 + CD8
+ T cells have also been reported in a number of settings, including human tumours 126 . However, the regulation and importance of FOXP3 in suppressive CD8 + T cells remain to be fully demonstrated. A common observation in CD8 + T reg cells is that the levels of FOXP3, when its expression is detected at all, tend to be much lower than the levels found in CD4 + T reg cells, and some studies have reported that mouse FOXP3 + CD8
+ T cells are either mildly suppressive 127 or lack a suppressive function 128 , suggesting that FOXP3 expression may be induced in activated effector CD8 + T cells in certain microenvironments. Whether FOXP3 has an important role in directing the suppressive functions of CD8 + T cells remains to be fully elucidated. + macrophages that have immunosuppressive, tumour-promoting functions 131 have been dispelled by subsequent analyses of both naive and activated macrophages 132, 133 , and have been retracted. Recently, however, FOXP3 expression in macrophages was reassessed, and although FOXP3 expression was not observed in normal macrophages it was detected by western blot and reverse transcription PCR in macrophages that had infiltrated mouse renal cancer tumours 134 . These results suggest a potential role for FOXP3 specifically in tumour-infiltrating macrophages and highlight the possibility of therapeutically targeting these known tumour-abetting cells.
Natural killer T cells

B cells
B cells with a suppressive function have been characterized. These 'regulatory' B cell populations are generally characterized by the production of anti-inflammatory cytokines (interleukin-10 (IL-10) or IL-35) upon activation 135 , and they also express co-inhibitory surface molecules that limit inflammation in a number of autoimmune settings 136 . Regulatory B cells also contribute to the enforcement of tumour-induced immune tolerance, and to both the progression and spread of cancer in mice 137 . In humans, some regulatory B cells have been reported to also express FOXP3 (REF. 138 ). Such cells have been observed in patients with multiple sclerosis and patients with systemic lupus erythematosus, where their increased abundance correlates with increased disease activity 139, 140 , suggesting that the expansion of these populations may be a reactionary measure to limit the extent of inflammatory damage. The precise contributions of FOXP3 to regulatory B cells in these patients and the importance of FOXP3 as a physiological contributor to regulatory B cell function remain uncertain, as some regulatory B cells reduce inflammation without apparent FOXP3 expression.
Cancer cells
FOXP3 expression has been demonstrated in several malignant cell types, including breast, prostate, pancreatic, thyroid, gastric and ovarian cancer cells. Although FOXP3 has been proposed to be a tumour suppressor gene 141, 142 , its biological function and the role it has in tumour cells remain to be fully defined. Additionally, beyond its direct effects on malignant cells, FOXP3 can have important and complex implications on the crosstalk that occurs between cancer cells and the tumour microenvironment. Thus, the factors that control the intracellular location and function of FOXP3 within cancer cells are likely to provide distinct biological activities and prognostic uses in different tumour cells. roles of some FOXP3 interaction partners throughout the lifespan of a T reg cell and across the heterogeneous subsets of FOXP3 + T reg cells. T reg cells, and the pathways and factors that are responsible for controlling FOXP3 expression and function in these important cells, have been under scrutiny for some time. In recent years, our understanding of these mechanisms has greatly improved. In the following sections, we aim to summarize the well-established tenets of FOXP3 biology and present several recent breakthroughs that have provided exciting new insights into the biology of FOXP3.
Regulation of the FOXP3 gene Structure of the FOXP3 gene. The human FOXP3 gene maps to the p-arm of the X chromosome, and this is clearly reinforced by the inheritance pattern of IPEX syndrome. The gene includes 11 exons, and a high degree of conservation is seen between the human and mouse genes, especially at the exon-intron interfaces 9, 10 . In response to signalling via the TCR and co-stimulation pathways, the FOXP3 promoter is bound and activated by transcription factors such as NFAT and AP-1 (REF. 33 ). In addition, the forkhead box O (FOXO) proteins FOXO1 and FOXO3 have been reported to bind to the Foxp3 promoter as well as to other regulatory elements of the Foxp3 gene 34 (discussed below), and cAMP-responsive elementbinding protein (CREB)-activating transcription factor 1 (ATF1) complexes also drive the activation of the FOXP3 promoter 35 (FIG. 1) . Importantly, the promoter of the FOXP3 gene has been characterized as having low levels of trans-activating potential. Instead, transcription at this important locus relies heavily on the contribution of conserved enhancer regions 33 . Both the initiation and maintenance of FOXP3 transcription are highly dependent on key conserved non-coding sequences (CNSs), which serve as binding sites for a number of transcription factors (FIG. 1) . CNS3 is found between exon 1 and exon 2 of Foxp3 (REF. 36 ), and this region promotes the accumulation of permissive histone modifications at the Foxp3 promoter, leaving it in an epigenetically poised state in both established FOXP3
+ cells and FOXP3 -T reg cell precursors. Thus, CNS3 has a crucial role as an epigenetic switch that controls Foxp3 transcription in these cells in response to binding by REL, which is a crucial regulator of T reg cell development in the thymus 37, 38 . However, although it is indispensable for initiating Foxp3 expression, CNS3 does not seem to be necessary for its maintenance. Transcription factors that bind to the promoter, conserved non-coding sequence 1 (CNS1), CNS2 and CNS3 regions of FOXP3 are shown in blue, red, green and yellow, respectively. Also depicted are the CNS2-targeting methylating enzyme DNA methyltransferase 1 (DNMT1) and the demethylating enzyme ten-eleven translocation 1 (TET1), which influence the inactive and active transcriptional status of that region, respectively. ATF1, activating transcription factor 1; CBFβ, core-binding factor subunit-β; CREB, cAMP-responsive element-binding protein; FOXO, forkhead box protein O; iT reg , in vitro-induced regulatory T; NFAT, nuclear factor of activated T cells; pT reg , peripherally derived regulatory T; RAR, retinoic acid receptor; RUNX1, Runt-related transcription factor 1; RXR, retinoid X receptor; STAT5, signal transducer and activator of transcription 5; tT reg , thymus-derived regulatory T.
By contrast, CNS2 (also known as T reg cell-specific demethylated region) is important for maintaining the expression of FOXP3 in thymus-derived T reg (tT reg ) cells after thymic egress. The CNS2 region is located within the first intron of Foxp3, and CpG elements within CNS2 become extensively hypomethylated during tT reg cell development 39 . Demethylated CpG motifs in CNS2 and other regulatory elements in the FOXP3 gene enable the binding of several transcription factors, including REL, CREB-ATF1, RUNX1-core-binding factor subunit-β (CBFβ), ETS1 and signal transducer and activator of transcription 5 (STAT5), as well as FOXP3 itself 33, 36 . The maintenance of this epigenetic state enables the stable expression of FOXP3 by tT reg cells under a variety of conditions, including tissue inflammation. In vitro-induced T reg (iT reg ) cells, which are less stable than tT reg cells in terms of their FOXP3 expression and suppressive activity, possess a methylated or partially demethylated CNS2 region 40, 41 . By contrast, peripherally derived (pT reg ) cells generally have epigenetic profiles that resemble those of tT reg cells 40 , and they are thought to be functionally stable.
Methyl-CpG-binding domain protein 2 (MBD2) binds CNS2 and recruits the ten-eleven translocation (TET) demethylases that maintain the hypomethylation of CNS2 (FIG. 1) . Ablating MBD2 function in mice results in decreased numbers of T reg cells, and the remaining T reg cells have a reduced suppressive activity 42 . These observations were linked to a failure to maintain CNS2 hypomethylation in MBD2-deficient T reg cells after thymic egress 42 . Conversely, DNA methyltransferase 1 (DNMT1) is known to promote methylation events at CNS2. This enzyme and similar factors may counteract the epigenetic programming that is responsible for tT reg cell activity. Indeed, the pro-inflammatory cytokine IL-6 was recently shown to trigger the DNMT1-dependent methylation of CNS2 motifs in T reg cells, whereas exposure to IL-2 or vitamin C mobilized TET enzymes to maintain hypomethylation at CNS2 (REFS 43, 44) (FIGS 1,2) . Exposure to IL-6 reduces the acetylation of histone H3 at the upstream promoter as well 45, 46 , adversely affecting FOXP3 transcription. By contrast, transforming growth factor-β (TGFβ) signalling has been linked to the epigenetic stabilization of FOXP3 expression through the suppression of DNMT1 expression 47 . The CNS1 enhancer is particularly key for the induction of extrathymic FOXP3 expression in T cells. Similarly to CNS2, CNS1 is situated intronically. But it is uniquely indispensable for activating FOXP3 expression in response to TGFβ-induced SMAD signalling 48 . The binding of activated SMAD3 to CNS1 is a key event in the induction of FOXP3 expression during the differentiation of pT reg cells but not that of tT reg cells 36 . Accordingly, CNS1-deficent mice have a defective pT reg cell compartment that fails to maintain immune tolerance at barrier sites such as the gut, but these mice do not succumb to autoimmunity 49 . Experiments showing that the appearance of CNS1 in the evolutionary record coincided with the appearance of placental mammals 50 strongly suggest that the ability to induce FOXP3 expression in non-T reg cell precursors could be crucial for maintaining maternal tolerance to the semi-allogeneic fetus during pregnancy.
Transcription of the FOXP3 gene. In tT reg cell precursors, TCR stimulation triggers the activation of nuclear factor-κB (NF-κB) family members such as REL. These bind to the constitutively 'open' CNS3 enhancer of the FOXP3 gene to initiate transcription. The importance of this signalling pathway in T reg cell development in the thymus is clearly demonstrated by mice that lack its key mediators (for example, protein kinase Cθ (PKCθ), B cell lymphoma-leukaemia 10 (BCL-10), CARD-containing MAGUK protein 1 (CARMA1; also known as CARD11), TGFβ-activated kinase 1 (TAK1; also known as MAP3K7), IκB kinase 2 (IKK2; also known as IKKβ) and REL) as they display a markedly reduced tT reg cell output 51 . Signalling via the TCR and the CD28-mediated costimulatory pathway is required for both the proper development and maintenance of T reg cells 52, 53 , and this signalling also induces the activation of the RAS-RAF-mitogen-activated protein kinase (MAPK) signalling pathway, which is important for initiating FOXP3 transcription 54, 55 . These signalling cascades ultimately recruit numerous transcription factors to the promoter and regulatory elements of the FOXP3 gene.
The role of cytokines. IL-2 receptor signalling triggers the activation of Janus kinases (JAKs) that in turn mediate the phosphorylation of STAT5. Activated STAT5 binds the FOXP3 promoter and CNS2, driving the active transcription of this locus in T reg cells. Mice that lack either STAT5 or JAK3 display substantially lower frequencies of T reg cells than do wild-type controls 55 . By contrast, constitutive STAT5 activity can rescue the T reg cell pool from the negative effects of IL-2 deprivation 56 . IL-2 is also known to have an important role in stabilizing Foxp3 expression 57 . Indeed, high expression of the IL-2 receptor subunit, CD25, has been shown to correspond to both highly stable FOXP3 expression and potent suppressive functions in T reg cells 58 . Indeed, while the pro-inflammatory cytokine IL-6 can trigger the methylation of CNS2 by recruiting DNMT1, thus reducing Foxp3 transcription, IL-2 can prevent this by recruiting demethylating TET enzymes 44 . STAT3 activation triggered by IL-6 and other inflammatory cytokines (such as IL-21) can also inhibit Foxp3 expression by obstructing the binding of IL-2-activated STAT5 to elements of the Foxp3 gene 59 . Interestingly, TNF, a pro-inflammatory cytokine, has been shown to antagonize T reg cell function under some circumstances, but it can also support the STAT5-mediated expansion of some T reg cell populations 60 . Further study of the potential interplay between stabilizing and destabilizing signalling pathways in T reg cells exposed to TNF is clearly necessary.
TGFβ is of particular importance in the development of extrathymically derived pT reg cells. The TGFβ-triggered activation of SMADs leads to the binding of SMAD3-SMAD4 heterodimers to CNS1 in the Foxp3 gene. This molecular event is essential for inducing Foxp3 expression in naive CD4 + T cells and thus promoting their acquisition of a T reg cell phenotype in peripheral tissues and in vitro 48, 49 . TGFβ may also have a role in tT reg cell development 61 . Although some studies suggest that TGFβ is not required for tT reg cell generation 62 , others report that the cytokine can promote tT reg cell survival during development 63 without directly influencing FOXP3 expression. Continuous exposure to TGFβ can prevent the loss of FOXP3 expression in iT reg cells 64 , but it is not clear if there is a similar stabilizing role for TGFβ in tT reg cells.
The vitamin A metabolite all-trans-retinoic acid (ATRA) has been known for some time to augment the process of iT reg cell differentiation from naive CD4 + T cell precursors (FIG. 2) . This may be due to the ability of ATRA to boost the TGFβ-driven phosphorylation of SMAD3 or to suppress inflammatory cytokine The induction and maintenance of forkhead box protein P3 (FOXP3) transcription can be positively influenced by cytokines such as transforming growth factor-β (TGFβ) and interleukin-2 (IL-2), and by other factors in the tissue microenvironment, such as retinoic acid, vitamin C and short-chain fatty acids (SCFAs). By contrast, FOXP3 is negatively regulated by pro-inflammatory cytokines, such as tumour necrosis factor (TNF) and IL-6, and by other factors, such as Toll-like receptor (TLR) activation or robust T cell receptor (TCR) and co-stimulatory molecule signalling. These factors can alter the post-translational modifications that are made to the mature FOXP3 protein to either stabilize or deplete the cellular pools of FOXP3 and modulate its functional capacity. By affecting FOXP3 expression and function, these factors influence the many functions of regulatory T (T reg ) cells, such as their production of anti-inflammatory cytokines, their modulation of antigen-presenting cell (APC) function, their consumption of growth factors and their ability to induce apoptosis in effector immune cells. ATRA, all-trans-retinoic acid; CNS, conserved non-coding sequence; CTLA4, cytotoxic T lymphocyte antigen 4; DNMT1, DNA methyltransferase 1; FOXO, forkhead box protein O; IL-2R, IL-2 receptor; LAG3, lymphocyte activation gene 3 protein; mTOR, mechanistic target of rapamycin; PI3K, phosphoinositide 3-kinase; PP1, protein phosphatase 1; STAT, signal transducer and activator of transcription; TET, ten-eleven translocation; TGFβR, TGFβ receptor; USP7, ubiquitin-specific peptidase 7.
signalling that interferes with the upregulation of Foxp3 (REFS 65, 66) . In addition, ATRA can influence the transcription of the FOXP3 gene as it induces histone H4 acetylation at the FOXP3 locus in T reg cell precursors 67 . Epigenetic modifications of the CNS2 region and increased chromatin-binding by FOXP3 have been reported to improve the functional stability of ATRAtreated T reg cells 45 . In addition, ATRA may support the stability of tT reg cells in vivo by promoting resistance to the T reg cell-destabilizing cytokine IL-6 (REF. 68 ).
Processing of FOXP3 transcripts. In humans, FOXP3 transcripts can be alternatively spliced into multiple variant isoforms, and this has important implications for the regulatory activity of the encoded transcription factor. The activation of T reg cells via the TCR and co-stimulatory molecules can substantially alter their production of FOXP3 splice variants 69 . Isoforms of FOXP3 that have been cloned from peripheral blood mononuclear cell (PBMC)-derived cDNA include FOXP3Δ2, which lacks the region encoded by exon 2; FOXP3Δ7, which is missing exon 7 (and the leucine zipper domain); and FOXP3Δ2Δ7, which lacks both exon 2 and exon 7. Whereas full-length FOXP3 suppresses gene expression mediated by RORα, NF-κB and NFAT, FOXP3Δ2 and FOXP3Δ2Δ7 display impaired inhibition of these inflammatory transcription factors 70 . Transfection studies have shown that forced expression of full-length FOXP3 in T cells limits their proliferation 70, 71 . Even though variant constructs that lack exon 7 are consequentially defective at dimer formation, they yield FOXP3 molecules that are fully capable of suppressing T cell activation 70 . Indeed, compared with control T cells transfected with full-length FOXP3, FOXP3Δ2-transfected or FOXP3Δ2Δ7-transfected T cells show similar activation kinetics, and a similar upregulation of CD25 levels and reduction of CD127 levels 69, 71 . Such findings suggest that these splice variants still induce some aspects of the T reg cell programme. It has also been shown that the overexpression of FOXP3Δ2, like that of full-length FOXP3, could impart the ability to suppress the function of other T cells in vitro 72 . However, another study found that FOXP3Δ7 is prevalently expressed by PBMCs from patients with Crohn's disease, and showed that forced expression of FOXP3Δ2Δ7 can actually favour T H 17 cell differentiation in recently activated FOXP3 + CD4 + T cells that are poised between the T H 17 and iT reg cell fates 73 . Interestingly, the splicing events seen in Crohn's disease patients that could favour pro-inflammatory outcomes were linked to exposure to IL-1β , an implicated destabilizer of T reg cell function 73 . It is not clear at present how the product of this IL-1β-induced splice variant of FOXP3 is functionally compromised relative to the full-length protein. However, this alteration of FOXP3 transcript processing is associated with the suboptimal maintenance of immunological tolerance.
These findings suggest that different isoforms of FOXP3 may influence the differentiation or functionality of T reg cells in vivo. It is not known, however, whether individual T reg cells express one isoform at a time or more than one FOXP3 isoform simultaneously 69 .
With the individual properties of each variant coming to light, it is possible that each possesses unique functions. In addition, the fact that splice variants exist in humans but not in mice should be recognized when applying mouse findings to human diseases.
Domains of FOXP3.
The FOXP3 protein comprises three functionally important domains: namely, an N-terminal domain, a zinc finger and leucine zippercontaining region, and a C-terminal forkhead domain. All domains are apparently essential for the optimal function of FOXP3 + T reg cells, as mutations in any of the domains can lead to the scurfy or IPEX autoimmune phenotypes. The forkhead region is necessary for DNA binding, FOXP3-NFAT interactions and the homodimerization of FOXP3 molecules, and is responsible for the transcriptional repression of a number of immune-related target genes. Interestingly, the deletion of this domain results in the retention of some FOXP3 functions 74 , an observation suggesting that enforcement of T reg cell gene expression depends heavily on the interaction of FOXP3 with DNA-binding collaborator molecules. The N-terminal domain also confers the ability to repress the transcription of target genes 75 (hence its reputation as the 'repressor domain'), but it does not bind to DNA. A number of proteins interact with FOXP3 via the N-terminal domain, including EOS and hypoxia-inducible factor 1α (HIF1α). In addition, a chromatin-remodelling complex that includes HDAC7 or HDAC9 and TIP60, was shown to interact with this region of the protein, suggesting that it has a key role in facilitating the 'FOXP3 interactome': that is, the complex of FOXP3 and numerous co-regulatory molecules that can have collaborative and potentially redundant roles in promoting FOXP3-induced gene regulation 16 . Sequences encoded by exon 2 have also been shown to interact with RORγt and RORα 8 . These interactions were found to be important for inhibiting the activity of these transcription factors and promoting the generation of T reg cells, rather than T H 17 cells, from naive CD4 + T cells 8 . In addition, the leucine zippers and zinc finger domains are important for the homodimerization of FOXP3 (REFS 75, 76) , which is indispensable for its function 8, 77 . Finally, distinct sites within the FOXP3 protein have been shown to determine the cellular distribution of the transcription factor, either ensuring or obstructing its typically constitutive nuclear localization in T reg cells 75, 78 .
Post-translational modification of FOXP3
The expression and regulatory activity of FOXP3 are also regulated at the protein level. The pathways that lead to distinct post-translational modifications of FOXP3 -including acetylation, phosphorylation and ubiquitylation -have been recently shown to be important in this newly appreciated layer of control over T reg cell function (FIG. 3) .
Acetylation of FOXP3. Lysine acetyltransferases (KATs)
catalyse the attachment of acetyl groups to diverse target proteins (including FOXP3) at specific lysine residues. Acetylated FOXP3 molecules have been shown to be more stable than those that are not acetylated, as they avoid ubiquitylation at targeted lysine residues and thus resist proteasomal degradation (discussed below). Acetylation improves the ability of FOXP3 to bind to chromatin and carry out its functions as a transcriptional regulator 79, 80 . FOXP3 interacts with the KATs TIP60 and p300. These factors promote FOXP3 acetylation at residues K63, K263 and K268 (REF. 81 ), thus improving the stability of FOXP3 and its association with the promoters of its target genes 24, 79, 80 . The inhibition or deletion of p300 reduces the levels of both acetylated and total FOXP3 in T reg cells, and negatively affects the fitness and function of these cells 81, 82 . Importantly, p300 antagonism also undermines immune suppression in mouse models of cancer, thus enabling more robust antitumour immune responses that limit tumour growth 30 . The deletion of TIP60 also markedly decreases FOXP3 expression levels and leads to autoimmune pathology 81, 82 . This T reg cell dysfunction is accompanied by a loss of FOXP3 dimerization, and TIP60-deficient T reg cells show reduced expression of FOXP3 and CTLA4, as well as inappropriate expression of the pro-inflammatory cytokines IL-6 and IL-17 (REF. 82 ). IL-6-induced STAT3 activity can downregulate the levels of the FOXP3 protein by inhibiting its acetylation 80, 83 . By contrast, TGFβ augments the activity and/or stability of FOXP3 by driving its acetylation 80 . Lysine deacetylases (KDACs) and HDACs remove acetyl groups from target proteins. These enzymes can negatively affect FOXP3 expression and T reg cell function, and KDAC inhibitors and HDAC inhibitors are well known for their ability to augment FOXP3 expression in T reg cells and improve their suppressive performance 24, 25, 79, 84 . Sirtuin 1 (SIRT1) is a class III KDAC, and its expression has been observed to be inversely proportional to that of FOXP3 during iT reg cell differentiation 85 . Interestingly, whereas TCR stimulation greatly upregulates SIRT1 levels in non-T reg cells, TCR activation reduces SIRT1 expression in T reg cells 86 . Forced SIRT1 expression in T reg cells not only leads to the deacetylation of FOXP3 but also triggers the rapid poly ubiquitylation of the transcription factor and its degradation by the proteasome 85 . Conversely, T reg cell-specific deletion of SIRT1 causes increased FOXP3 expression, T reg cell suppression and increased allograft tolerance 86 . These observations are associated with the elevated expression of T reg cell-associated genes (for example, Ctla4) in the absence of SIRT1 (REF. 86 ). Chemical inhibition of this enzyme similarly increases FOXP3 levels and the in vivo suppressive potency of iT reg cells 87 . The serine/threonine kinase and Hippo pathway participant mammalian sterile 20-like kinase 1 (MST1; also known as STK4) was recently shown to antagonize the FOXP3-deacetylating activity of SIRT1. In cell lines, MST1 interacts with FOXP3 and promotes its activity as a transcriptional suppressor by increasing its acetylation, and T reg cells isolated from MST1-deficient mice have reduced levels of FOXP3 protein owing to its degradation 88 . Indeed, these findings are in line with the autoimmunity and poor T reg cell differentiation seen in mice that lack MST1. It is noteworthy that MST1 is also capable of stabilizing FOXO proteins by limiting AKT activation 89 . Therefore, the positive effects of this kinase on FOXP3 levels may be multifaceted.
Finally, the acetylation of FOXP3 has been shown to be involved in the induction of pT reg cells by commensal microorganisms in the gut. Certain species of gut bacteria produce short-chain fatty acids (SCFAs) that have a marked effect on host immunity 90 . In differentiating CD4 + T cells, exposure to SCFAs such as butyrate was found to increase the induction of FOXP3 expression in vitro by promoting the deposition of activating histone modifications 91 . This ability of SCFAs to support T reg cell induction seems to involve HDAC inhibition, and results in the reduced acetylation of the FOXP3 protein and of histones at the Foxp3 locus 92 .
Phosphorylation of FOXP3. FOXP3 is also subjected to phosphorylation. The C terminus of FOXP3 can be modified by an unknown kinase at S418. This reportedly augments the ability of FOXP3 to bind to DNA and dictates T reg cell-associated gene regulation. In patients with arthritis, TNF activates protein phosphatase 1 (PP1), and this enzyme dephosphorylates FOXP3, ablating the function-augmenting modification 93 . This post-translational mechanism of FOXP3 regulation may explain why T reg cells fail to curb inflammation in arthritic joints, even when they are abundant in number.
By contrast, the phosphorylation of FOXP3 at other sites can inhibit its ability to promote T reg cell function. Cyclin-dependent kinase 2 (CDK2), which is activated by TCR signalling, is capable of phosphorylating four CDK motifs within the N-terminal domain of FOXP3 (REF. 94 ). These modifications might negatively affect FOXP3 expression and/or function, as CDK2-deficient T reg cells are more suppressive than are wild-type controls 95 . The specific modification of S19 was observed in vitro, and mutation of this and other target residues in the repressor domain (S88, T114 and T175) was associated with an increased half-life of mouse FOXP3 and a heightened repression of target genes. Furthermore, the ectopic expression of a mutant FOXP3 construct that is insensitive to S19 phosphorylation in CD4 + CD25 -T cells resulted in a more pronounced suppressive function in vitro and in vivo 94 . Although it is uncertain how such modifications of FOXP3 interfere with its control of T reg cell gene expression and phenotype, the N terminus of the protein is known to be important for the interaction of FOXP3 with numerous elements of the FOXP3 interactome 16, 20, 28, 77 . It is possible that modifications to this region are disruptive to such complexes.
The kinase PIM1 was also recently shown to interact with and phosphorylate FOXP3. Li et al. 96 found that PIM1, which is highly expressed by human T reg cells, can interact with the C-terminal domain of FOXP3 and target S422. The PIM1-induced phosphorylation of S422 interferes with FOXP3 activity and limits the expression of T reg cell-associated genes, including those that encode CD25, CTLA4 and GITR. Although TCR signalling limits the induction of PIM1 expression, IL-6 can up regulate the expression of the kinase. Interestingly, inhibitory modification of S422 can be prevented by phosphorylation at S418 (REF. 96 ), which is a modification that is reported to augment T reg cell function 93 . The related kinase PIM2 also executes an inhibitory phosphorylation of FOXP3. In human T reg cells, PIM2 interacts with FOXP3 and targets multiple N-terminal sites (S33, S41 and a third unspecified site). Through an as yet unknown mechanism, PIM2 interferes with the expression of T reg cell-associated genes, and the inhibition of PIM2 in mouse T reg cells increases their suppressive capabilities 97 . Interestingly, PIM2 expression has been reported to be FOXP3 dependent and involved in the expansion of T reg cells 98 . It is possible that the up regulation of this kinase may impair the suppressive function of T reg cells in order to afford these cells some proliferative benefit. The lymphocyte-specific protein tyrosine kinase LCK phosphorylates FOXP3 in cancer cells at Y342 (REF. 99 ). This modification leads to the upregulation of FOXP3 in these cells 99 , but it is unclear whether phosphorylation by LCK alters FOXP3 expression or function in T reg cells. Taken together, these findings demonstrate that FOXP3 function can be upregulated or downregulated by site-specific, possibly cross-regulating, phosphorylation events.
Ubiquitylation of FOXP3.
Ubiquitin chains interlinked at lysine residue 48 (K48 polyubiquitylation) are well known for facilitating the proteasomal degradation of proteins 100 . Several studies have shown that the FOXP3 protein can be modified in this manner and that this modification has major implications for T reg cell function 101 . In differentiating CD4 + T cells, HIF1 was found to physically interact with FOXP3 and trigger K48 polyubiquitylation. This leads to the proteasomal degradation of FOXP3, and accordingly, knocking down components of the HIF1 degradation machinery stabilized the FOXP3 protein pool 102 . The ubiquitin-dependent degradation of FOXP3 can also be precipitated in established T reg cells by inflammatory stresses. The cellular levels of the FOXP3 protein are subject to constant turnover owing to K48-type polyubiquitylation-induced proteasomal degradation 103, 104 . However, the half-life of FOXP3 can be markedly reduced by exposure to a range of inflammatory stresses in vitro, including lipopolysaccharide, pro-inflammatory cytokines and heat shock 103 . In addition, CC-chemokine ligand 3 (CCL3), which is abundant in patients with psoriasis, has been reported to induce T reg cell dysfunction and plasticity by triggering the K48-linked polyubiquitylation and degradation of FOXP3 (REF. 105 ).
Also among the ranks of FOXP3 interaction partners is the chaperone molecule heat shock 70 kDa protein (HSP70), which recruits the stress-activated, U-box domain type E3 ubiquitin ligase STUB1 (also known as CHIP). This ligase is capable of mediating the degradation of important transcription factors, including RUNX2, HIF1α 106, 107 and FOXP3 (REF. 103 ). Although it is not ordinarily expressed at considerable levels by T reg cells, STUB1 can be upregulated under in vitro conditions that can also bring about FOXP3 protein loss. This downregulation was shown to result from K48-type polyubiquitylation at residues K227, K250, K263 and K268 in human FOXP3 by STUB1 and from proteasome activity 103 . Ectopic STUB1-mediated FOXP3 loss disrupts the suppressive function of T reg cells, reduces their expression of T reg cell-associated genes and upregulates their expression of effector-type cytokines, such as IL-2 and IFNγ 103 . Conversely, knocking down STUB1 stabilizes FOXP3 expression and increases the suppressive potency of T reg cells 103 . The situations and pathways that induce the activity of STUB1, and potentially other E3 ligases that substantially affect FOXP3 levels in T reg cells, remain to be fully defined. In addition, it is unclear how the dramatic or incremental downregulation of FOXP3 at the protein level can affect the long-term identity and function of T reg cells.
Deubiquitylation of FOXP3.
As polyubiquitylation negatively affects the stability of the FOXP3 pool 79, 85, 102, 103 , it follows that deubiquitinases (DUBs) should preserve the cellular levels of FOXP3. Indeed, multiple DUBs seem to stabilize FOXP3 and the T reg cell phenotype.
The DUB ubiquitin-specific peptidase 7 (USP7) is expressed by T reg cells and is capable of interacting with FOXP3 to catalyse its deubiquitylation 104 . Knocking down USP7 reduces FOXP3 levels in T reg cells and inhibits their suppressive functions 104 . The treatment of T reg cells with a general DUB inhibitor has similar destabilizing effects 104 . By contrast, overexpressing USP7 in T reg cells increases FOXP3 protein levels and augments T reg cell activity 104 . A recent study has revealed that the conditional deletion of USP7 in mouse T reg cells leads to a dramatic loss of immune regulation and to lethal auto -immunity within a month after birth 82 . This pheno type was associated with T reg cell hyperproliferation, disrupted T reg cell gene expression patterns, unstable FOXP3 protein levels and an ineffectual suppressive ability of T reg cells. Yet, the T reg cell-specific deficiency of USP7 did not alter the overall T reg cell numbers or levels of FOXP3 expression in the thymus. These results clearly demonstrate the need to counteract the process of FOXP3 ubiquitylation in order to maintain a functionally stable pool of T reg cells in the periphery. Excitingly, the authors of this study 82 also found that the in vivo administration of a specific USP7 antagonist inhibited FOXP3 expression and the suppressive activity of T reg cells in tumour-bearing mice. Also, they showed that the antagonist suppressed the growth of tumours by augmenting antitumour immunity 82 . This suggests that targeting USP7 could have therapeutic potential in cancer.
Additional DUBs may also have the effect of stabilizing FOXP3. For example, mice that are deficient in USP44 display compromised FOXP3 expression in their T reg cell compartment, and this has consequences for immune control (F.P. and J.B., unpublished observations). The DUB USP21 was also recently found to be expressed at relatively high levels in human 108 and mouse T reg cells. The restricted deletion of USP21 in FOXP3 + cells in mice resulted in the loss of immune homeo stasis across multiple tissues (including the liver, lung and salivary glands) and was coincident with a substantial upregulation of inflammatory cytokines (predominantly IFNγ) by effector CD4 + T cells 109 . Furthermore, compared with control T reg cells, USP21-deficient T reg cells produced substantial amounts of IFNγ, expressed less FOXP3, and they were less suppressive both in vitro and in a model of neuroinflammation 109 .
Although several examples of ubiquitin-mediated mechanisms for FOXP3 downregulation exist, it is possible that -similarly to phosphorylation -unidentified enzymes (E3 ligases in this case) can also positively regulate aspects of T reg cell biology by targeting distinct sites in FOXP3. Indeed, depending on the site and linkage type, protein ubiquitylation events can not only trigger degradation, but also alter the proteinprotein interactions, signalling potential and cellular distribution of many proteins 110 . Thus, other types of ubiquitylation may have marked consequences on the functionality of the FOXP3 protein pool. It is also possible that degradative pathways that are dependent on ubiquitylation may compete with acetylating processes for target residues on FOXP3. Indeed, the degrees of FOXP3 ubiquitylation and acetylation can be inversely related 79, 80, 85 , and some overlap exists between the lysine residues that have been identified as acetylation targets 87 and ubiquitylation targets 103, 104 . The regulation of FOXP3 by protein modifications is a relatively new aspect of our understanding of these important elements of immune control. However, studies have already identified a number of enzymes and processes that could be exploited by future therapies that aim to fine-tune the suppressive functions of T reg cells in disease settings (FIG. 2) . With further study, we will no doubt discover additional targets that have such potential.
Conclusions and implications
A robust and functional T reg cell compartment is requisite for managing a highly destructive immune system. In recent years, numerous breakthroughs have improved our understanding of how these cells function. As discussed in this Review, many of these breakthroughs have come from studies that have explored the mechanisms that control the expression of FOXP3, the transcriptional anchor of the major population of T reg cells responsible for enforcing immune homeo stasis. We have discussed the key role of this transcription factor in maintaining the gene expression patterns that underlie the characteristically suppressive phenotype of T reg cells, and we have summarized a number of factors and pathways that are known to affect FOXP3 and Autoimmune disease Regulatory T (T reg ) cell deficiency or dysfunction is thought to be central to the pathogenesis of diverse autoimmune diseases (as reviewed in REF. 143 ). Interestingly, T reg cell numbers are not uniformly reported to be reduced in patients with autoimmune disease, and indeed T reg cells can even be found in very high numbers in some afflicted tissues. For example, an abundance of T reg cells has been reported in the synovial fluid of patients with rheumatoid arthritis (even though these cells are still very much outnumbered by effector T cells) 144 . It is therefore likely that functional or phenotypic abnormalities, the relative balance of T reg cells and effector T cells, or elements in the inflammatory microenvironment are to blame for the failure of T reg cells to enforce tolerance in these scenarios.
Inflammatory cytokines are likely to restrict T reg cell function in patients with autoimmune diseases. As discussed in this Review, interleukin-1β (IL-1β), IL-6 and tumour necrosis factor (TNF) can antagonize forkhead box protein P3 (FOXP3) expression or function. By contrast, T reg cell dysfunction may arise due to a paucity of stabilizing cues such as IL-2 (FIG. 2) . In support of this, the concentrations of plasma transforming growth factor-β and the activity of signal transducer and activator of transcription 5 have been reported to be decreased in patients with systemic lupus erythematosus and patients with type 1 diabetes, respectively 145, 146 . Augmenting the T reg cell pool by administering additional, functionally suppressive T reg cells as a cellular therapy represents an exciting strategy for treating autoimmune diseases by increasing both T reg cell numbers and their frequency relative to potentially pathological effector leukocytes. The infusion of ex vivo-expanded T reg cell populations is currently being explored as a means to alleviate organ transplant rejection and induce tolerance in graft recipients, and has shown some success 147, 148 . Similar approaches may prove useful in the treatment of some autoimmune diseases. Preclinical studies using mouse models of autoimmunity and graft-versus-host disease have shown that the adoptive transfer of T reg cells can either prevent or ameliorate severe inflammatory pathologies 149, 150 . Recent clinical trials in adult and juvenile diabetes and in patients with Crohn's disease are also yielding promising results [151] [152] [153] . The optimization of T reg cell adoptive transfer therapy could lead to its widespread use to combat autoimmune and inflammatory diseases. In this regard, the development of pretreatment and expansion regimens that improve the fitness, retention and function of T reg cells post-transfer may advance therapies. Inhibitors of FOXP3 deacetylation or ubiquitylation could yield more-potent suppressors. In addition, neutralizing environmental factors that limit T reg cell activity (for example, IL-6) or supplementation with factors, such as IL-2, that boost T reg cell function could be used to improve the efficacy of T reg cell adoptive transfer therapy.
Cancer
T reg cells can impede the effectiveness of antitumour immunity by suppressing the activity of cytotoxic immune cells; they also reduce the efficacy of immunotherapies and tumour vaccines 154 . In patients with cancer, T reg cells are increased in number both within tumours and systemically, and an abundance of T reg cells in the tumour microenvironment is linked to inadequate immunity and poor patient survival in many cancer types 155 . Strategies for depleting T reg cells or inhibiting their suppressive functions are being pursued to improve both natural and therapeutically induced antitumour immune responses (as reviewed in REF. 155 ). The therapeutic anti-CD25 antibody daclizumab, for example, has been found to elicit a downregulation of FOXP3 that coincides with reduced T reg cell-mediated suppression and increased immune priming in patients with breast cancer 156 . Alternatives to general T reg cell depletion may also be effective, and include transient T reg cell ablation and the selective targeting of tumour-associated T reg cell subsets by taking advantage of specific surface markers that are expressed by these cells (for example, CC-chemokine receptor 4) 157 . One issue with these strategies is that certain molecular targets that are used for T reg cell depletion are also expressed by activated effector immune cells. For these reasons, immunotherapies that target newly appreciated post-transcriptional mechanisms of FOXP3 regulation should be explored. Modulating T reg cell function by depleting the pool of functional FOXP3 protein could transiently and specifically interrupt T reg cell-mediated immune suppression in the cancer setting while preserving a suppressor cell population that has the transcriptional 'blueprint' for enforcing immune homeostasis. Preclinical studies of ubiquitin-specific peptidase 7 inhibition 82 and p300 inhibition 30 , for example, suggest that such an approach has promise 82 . the broader functions of T reg cells. It is becoming clear that in addition to the transcriptional control of FOXP3 expression, other mechanisms of regulation contribute to the overall abundance and activity of FOXP3 (for example, post-translational modifications). Exploiting these newly appreciated aspects of FOXP3 biology may lead to an unprecedented level of thera peutic control over immune tolerance (BOX 4) .
